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a  b  s  t  r  a  c  t
Ceramic  carbon  composites  (CCCs)  utilize  carbon  as  the  conducting  phase  and  can  be  used  as  resistors  for
high voltage  electrical  applications.  To  obtain  superior  mechanical  properties  it is desired  to  minimize
the  amount  of  carbon  yet  achieve  desired  electrical  conductivity.  Thus,  electrically  conducting  nanosized
carbon  like  carbon  black  (CB)  was  used  with  the matrix  materials.  Uniform  dispersion  of  CB in  ceramic
matrix  leading  to a percolating  network  at lowest  possible  volume  fraction  is a challenge.  The  present
work  reports  colloidal  processing  approach  to overcome  these  challenges.  Fabrication  of  CCCs  was  doneeywords:
eramic carbon composite
hemical synthesis
lip casting
lectrical properties
hermal properties
by slip  casting.  Two  types  of slurries,  CB  slurry  and  alumina–clay  slurry,  were  made  independently  and
mixed  together  at a later  stage  to make  CCCs.  Electrical,  thermal  and  mechanical  properties  of the  CCCs
have  been  studied.
©  2015  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  All  rights  reserved.echanical properties
. Introduction
Switching resistors serve the purpose of reducing current chop-
ing and reduce the high magnitude in rush currents when power
pparatus like capacitor banks, shunt reactors and no-load trans-
ormers are switched on. With the capability of sustaining a vast
ange of energies ceramic carbon resistors (CCRs) are being used
n this application from the inception of high voltage circuit break-
rs. With regard to handling high energy per unit volume, CCRs are
uperior to any other materials. Ceramic carbon resistors are used
n 420 kV SF6 gas circuit breakers as switching resistors. Ceramic
arbon composites (CCCs) used as CCRs are typically composed of
n insulating matrix (ceramic) and electrically conducting carbon.
he conductivity of the composite depends upon the amount of
ach phase present in the composite. As the amount of conducting
arbon is increased particles begin to contact each other and a con-
inuous conducting network is formed throughout the volume of
he composite and resistivity of the composite decreases [1–5]. The
mount of ﬁller needed, to reach the percolation threshold, depends
pon its physical characteristics such as particle size and aspect
atio. Typically, around 20 vol% of low-aspect-ratio ﬁllers such as∗ Corresponding author. Tel.: +91 9022503005; fax: +91 22 25726975.
E-mail address: kumarrahul003@gmail.com (R. Kumar).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2015.05.003
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Produccarbon black (CB) and graphite need to be added [6,7] whereas
for high-aspect-ratio ﬁllers such as carbon nano tubes (CNTs) the
amount of additive required is reduced to less than 12 vol% [8–10].
The addition of conductive ﬁller such as carbon black particles
which do not sinter to each other can lead to degradation in
mechanical properties and thus it is desired that its addition is
kept to a minimum which still yields the desired electrical prop-
erties. Dry powder mixing often does not result in a homogeneous
dispersed conducting phase leading to low electrical conductiv-
ity, low strength of sintered compacts, and poor reproducibility of
fabrication. To overcome these problems, powder composites have
been processed and consolidated using colloidal techniques. In this
work, we  report the fabrication of CCCs by slip casting and char-
acterization of their electrical, thermal and mechanical properties.
The sample microstructure and their physical properties have been
analyzed in terms of the dispersion of carbon black.
2. Experimental
2.1. Fabrication of ceramic carbon composite
CCCs were made by slip casting a blend of two types of slurries
– CB and alumina–clay slurries. CB (Vulcan X-72, Cabot, Nitro-
gen adsorption method, speciﬁc surface area 270 m2/g) slurry
was prepared using pre-optimized amount (21 wt%) of polyvinyl
pyrrolidone (PVP) (K-30 Spectrochem, molecular weight 60,000)
with respect to CB, added to 30 ml  water and stirred on a magnetic
tion and hosting by Elsevier B.V. All rights reserved.
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tirrer for an hour. Then zirconia grinding media (2–3 mm diame-
er) at 1:2 ratio of CB powder to grinding media was  added to the
VP (polyvinyl pyrrolidone) solution. The CB powder was added
nd milled in a centrifugal ball mill (Retsch, Germany) at 60 rpm
or a duration of 6 h to prepare a homogeneous and stable slurry.
Alumina–clay slurry with 26 vol% solid loading (35 wt%  alu-
ina HIM30, Hindalco, 65 wt% clay, English India Clay, Kerala)
as made in polyvinyl alcohol solution (PVA) (1 wt%). Polyvinyl
lcohol (PVA) works as a binder. Then required amount of dis-
ersant sodium polyacrylate (NaPAA) 1 ml/100 g (alumina–clay
ixture) was added to PVA solution prepared earlier. Sodium poly-
crylate works as a dispersant; an antifoaming n-octanol l/g of
lumina–clay mixture was added to prevent foaming of PVA solu-
ion. Zironia grinding media at 1:1 alumina–clay to grinding media
atio was added to the slurry. Slurry was put on a variable RPM pot
ill (Ghosh Metal Works Pvt. Ltd., Kolkata, India) for mixing for
4 h. The pot mill was operated at 90 rpm.
Fabrication of CCCs was done for a range of carbon content. CB
lurries (2–8 wt% CB with respect to alumina–clay mixture) were
dded to alumina–clay slurries and placed on a pot mill for mix-
ng for 24 h. CCCs were made by casting the slurries in ring shaped
lastic molds placed on gypsum mold base plates. Inner surface
f the plastic molds was coated with WD40 to reduce adhesion
f cast body to the molds. Cast samples were removed from the
lastic molds after allowing to dry in ambient condition for 12 h.
he green samples were kept in air for 36 h followed by drying in
n oven maintained at 50 ◦C for 5 days. Sintering of the samples
as done in ﬂowing argon atmosphere at 1400 ◦C with initial heat-
ng at 2 ◦C/min up to 600 ◦C, followed by dwelling for 2 h at 600 ◦C
nd then heating was continued to 800 ◦C at 5 ◦C/min and ﬁnally
he temperature was raised to 1400 ◦C at 2 ◦C/min. Samples with
–8 wt% carbon have been coded as 2C–8C respectively.
.2. Characterization
Viscosity measurement was carried out using a concentric
ylinder geometry (Double gap cup DG 26.7/Q) at shear rate of
0 s−1. Microstructure analysis was done with Field Emission Gun-
canning Electron Microscopy (FEG-SEM) (Model No-JSM-7600F).
intered ceramic carbon composite sintered samples were sub-
ected to XRD analysis (Expert Pro, 40 kV, 30 mA,  Panalytical).
ielectric Broadband spectrometer (Novo Control Technologies,
ermany, Concept 80) was used to measure the speciﬁc resistance
f sintered CCCs in the frequency range of 10–107 Hz. Thermal dif-
usivity of the CCCs was measured by Thermal diffusivity meter
LFA 467 Hyper Flash). Speciﬁc heat capacity of the CCCs was  mea-
ured by differential scanning calorimeter (Q 200, TA instruments).
rushing strength of the CCCs was measured using a UTM (Univer-
al testing machine, Tinius Olsen, UK).
. Results and discussion
.1. Slurry rheology, consolidation and microstructure
The lowest as dispersed size of carbon black in suspension
chieved with use of PVP as a dispersing agent and measured by
aser diffraction was 199 nm.  This must be seen in light of the fact
hat the primary size of carbon black particles is less than 10 nm
s determined by Nitrogen adsorption method and TEM observa-
ion, thus suggesting that even in the best dispersion achieved in
he present study the carbon black particles were agglomerated.
he viscosity of alumina–clay–carbon black slurries increased with
arbon black addition. But since the carbon black was  still agglom-
rated the increment was not as dramatic and all slurries were still
ourable with highest viscosity being lesser than 14 Pa s (for 8 wt%eramic Societies 3 (2015) 262–265 263
carbon black samples) at a shear rate of 10 s−1. As discussed in the
experimental section since the carbon black and alumina–clay slur-
ries were separately prepared and then mixed, the carbon black
in the slipcast sintered samples appeared to be almost uniformly
distributed (Fig. 1). The carbon black as seen in the sintered sam-
ples existed in the form of agglomerates (Fig. 1) which seemed
to be of the similar scale as observed independently in dispersion
(∼200 nm). As compared to samples processed from slurries, CCC
samples prepared from compaction of powder blends resulted in
samples which were fragile and could not even be handled.
The alumina–clay–carbon black composites sintered at 1400 ◦C
were highly porous as was visible in Fig. 1. The open porosity of
the composite samples as measured by water absorption increased
with increase in carbon black amount, from being 14% for sam-
ples with 2 wt%  carbon black to 27% for samples with 8 wt% carbon
black. The increasing open porosity and lower overall density of
the composites were responsible for the observed decrease in the
compressive strength of the samples with increase in carbon black
amount (Fig. 3). At and above 4 wt%, percolation became signiﬁ-
cant as reﬂected in terms of electrical characteristics, with a sharp
increase in viscosity. The percolation network formed resulted in
signiﬁcant inhibition of inter-particle sintering leading to rapid
reduction in strength but the density followed close to that as
expected as per the rule of mixtures.
With increase in carbon content beyond 5 wt% the slurries
became thicker. Under such circumstances when the slurries are
highly viscous prior to slip casting, the particles do not pack as well
and thus the density was reduced rapidly. Further increase in vis-
cosity resulted in a linear decrease in density contributed both from
increased porosity due to inhibited sintering and poorer packing.
The increase in porosity with increase in carbon black amount
was caused by inhibition of densiﬁcation of the composites by pres-
ence of carbon black. Carbon black particles are not expected to
sinter to each other and rather they resulted in poorer packing and
contact between alumina–clay particles restricting densiﬁcation.
Clay played the dual role of inorganic binder binding alumina par-
ticles as well as forming in situ mullite crystals (Fig. 2) which is
expected to contribute to strengthening of the body. Samples pre-
pared without clay (alumina–carbon black only) were too fragile
and could not even be handled.
Though the porosity had a detrimental inﬂuence on the com-
pressive strength it must have resulted in improvement in thermal
shock resistance of the composite samples [11–13].
The thermal conductivity of the samples, as per expectation,
decreased with decrease in density for increasing carbon black con-
tent (Fig. 3). Thermal conductivity of all samples increased with
temperature as it is characteristic of carbon black (Fig. 3). The
increase in thermal conductivity with temperature is beneﬁcial for
the application of ceramic carbon resistors in power applications
where sample temperature rises with passage of large currents
during voltage surge.
Assuming that high compressive strength and thermal conduc-
tivity are desired for the application of ceramic carbon composites
which serve as resistors in power applications the sample with
2 wt% carbon black appeared to be the most suitable.
3.2. Speciﬁc resistance of the CCCs
Speciﬁc resistance of the CCCs with varying carbon content is
shown in Fig. 4. It is well known that for nanosized carbon parti-
cles in polymer matrices percolation has been achieved at as low a
content as 2 wt% where dispersion is achieved through high shear
mixing. But in the present study percolation was  achieved at higher
weight % as the carbon black agglomerates could not be broken even
through high energy milling and they remained agglomerated as
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bFig. 1. FEG-SEM micrographs of CCCs (a) with 2 wt%, (b) 
een in the sintered CCCs. Ceramic carbon composite with 2 and
 wt% carbon black showed insulator behavior (Fig. 4).
The electrical measurements indicated that the carbon black
articles formed a percolating network at around 4 wt% addi-
ion. The fact that at around 4 wt% carbon black addition the
ig. 2. Representative XRD analysis of ceramic carbon composite (5 wt%  carbon
lack) sintered at 1400 ◦C., and (c) 8 wt%  carbon black particles sintered at 1400 ◦C.
arrangement of particles in 3-D changed to a different regime
forming a percolating network was supported by an independent
measurement where the viscosity of the suspensions dramatically
increased beyond 4 wt% indicating the critical change in inter-
particle spacing in the slurries which is what was  reﬂected in the
Fig. 3. Thermal conductivity, crushing strength vs density (obtained for correspond-
ing carbon black content indicated on secondary x-axis) of the CCCs sintered at
1400 ◦C with ceramic matrix composed of 35 wt% alumina–65 wt%  clay.
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[ig. 4. Speciﬁc resistance vs frequency of the CCCs sintered at 1400 ◦C with ceramic
atrix composed of 35 wt%  alumina–65 wt%  clay for different carbon black content.
omposite samples. Viscosity of such slurries is expected to increase
hen the ﬁne particles (carbon black) approach closer than a cer-
ain distance at which stronger attractive Van der Waals forces
esult in higher viscosity. While it is expected that the percolation
imit would reach with increase in carbon black amount the weight
 at which the limit is reached depends on the agglomerate size.
he percolation limit may  have been reached at lower than 4 wt% of
arbon black addition if the agglomerate size was  even ﬁner. CCCs
repared with 4 wt% carbon black onward showed resistor behav-
or indicating formation of a percolating network. Ceramic carbon
omposite with the highest carbon black amount (8 wt%) showed
inimum speciﬁc resistance.
The ceramic carbon composites used in power applications
s switching resistors typically have speciﬁc resistance below
00  cm.  Thus, CCCs with 5 wt% carbon black were of the best com-
osition which resulted in samples with high compressive strength,
[
[
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acceptable speciﬁc resistance as well as moderate thermal conduc-
tivity.
4. Conclusion
Ceramic carbon composites (CCCs) were fabricated with uni-
formly dispersed carbon black (2–8 wt%) through slip casting.
Increasing amount of carbon black restricted densiﬁcation of the
CCCs resulting in decrease in sintered density and thus compres-
sive strength. Since carbon black agglomerates could not be broken
down to primary particles, electrical percolation could be achieved
only above 4 wt% carbon black as indicated by the resistor behavior
at that content. Thermal conductivity of the CCCs increased with
increase in sintered density as was the case for samples with lower
carbon black content.
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